Previous studies have established that an epitope on the lateral ridge of domain III (DIII-lr) of West Nile virus (WNV) envelope (E) protein is recognized by strongly neutralizing type-specific antibodies. In contrast, an epitope against the fusion loop in domain II (DII-fl) is recognized by flavivirus cross-reactive antibodies with less neutralizing potential. Using gain-and loss-of-function E proteins and wild-type and variant WNV reporter virus particles, we evaluated the expression pattern and activity of antibodies against the DIII-lr and DII-fl epitopes in mouse and human serum after WNV infection. In mice, immunoglobulin M (IgM) antibodies to the DIII-lr epitope were detected at low levels at day 6 after infection. However, compared to IgG responses against other epitopes in DI and DII, which were readily detected at day 8, the development of IgG against DIII-lr epitope was delayed and did not appear consistently until day 15. This late time point is notable since almost all death after WNV infection in mice occurs by day 12. Nonetheless, at later time points, DIII-lr antibodies accumulated and comprised a significant fraction of the DIII-specific IgG response. In sera from infected humans, DIII-lr antibodies were detected at low levels and did not correlate with clinical outcome. In contrast, antibodies to the DII-fl were detected in all human serum samples and encompassed a significant percentage of the anti-E protein response. Our experiments suggest that the highly neutralizing DIII-lr IgG antibodies have little significant role in primary infection and that the antibody response of humans may be skewed toward the induction of cross-reactive, less-neutralizing antibodies.
West Nile virus (WNV) is a neurotropic, positive-sense RNA virus that has become endemic to North America (28) . WNV is a member of the Flaviviridae family of viruses, along with other important human pathogens such as dengue virus (DENV), Japanese encephalitis virus, tick-borne encephalitis virus, and yellow fever virus. Although most cases of WNV infection are asymptomatic, it can cause severe encephalitis and death in immunocompromised or elderly individuals (39) . At present, treatment is supportive, with no specific therapy or vaccine available for human use.
The WNV genome encodes three structural (capsid [C] , premembrane/membrane [prM/M], and envelope [E] ) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. The E proteins of flaviviruses, including WNV, have three domains and form head-to-tail homodimers on the surface of the mature virion (27, 38) . Domain I (DI) is the central structural domain and consists of a 10-stranded ␤-barrel. Domain II (DII) is formed from two extended loops that project from DI. At the end of DII is a highly conserved loop, amino acid residues 98 to 110, that has been implicated in the acid catalyzed type II fusion event (1, 9, 35) . DIII, located on the opposite side of DI, adopts a seven-stranded immunoglobulin-like fold and has been implicated in cellular attachment (8, 12, 14) . Short, flexible linker regions connect the domains and allow for the conformational changes associated with virus maturation and fusion (60) .
Neutralizing antibodies are essential for the control of WNV infection in vivo (6, 16-18, 20, 44, 45) . Specific amino acid residues have been defined that are critical for the binding of DII-and DIII-specific neutralizing monoclonal antibodies (MAbs) against WNV (4, 10, 44, 50) . Using X-ray crystallography, the structure of a strongly neutralizing DIII-specific MAb, E16, was determined in complex with DIII (42) . The binding epitope consisted of four discontinuous loops along the lateral ridge of DIII (DIII-lr). Introduction of mutations at the core residues of the DIII-lr epitope (residues S306, K307, T330, and T332) reduced or abrogated binding of not only E16 but also all other DIII-specific, strongly neutralizing MAbs (4, 44, 50) . The fusion loop within DII elicits cross-reactive antibodies with relatively weak inhibitory activity; recent mapping studies have defined the core residues of this epitope as W101, G106, and L107 (13, 19, 45, 51) . Whereas DIII-lr MAbs neutralize potently in all cells tested, DII-fl MAbs inhibit to a lesser degree and not on all cell types. Accordingly, MAbs against the DII-fl were less effective than DIII-lr MAbs at preventing or treating WNV infection in vivo (20, 45) .
Study of the epitope specificity of the humoral response during the course of flavivirus infection has begun to explain the protective capacity of antibodies in vivo. In serum from convalescent horses, the levels of DIII-lr antibodies were low, but in some cases correlated with neutralizing activity (49) . However, a recent report that evaluated 138 human MAbs derived from three convalescent WNV-infected patients showed that 92% of the E-specific MAbs were non-neutralizing and reacted with regions outside of DIII (52) . Consistent with this, immune serum from DENV-infected patients showed reduced binding to tick-borne encephalitis virus subviral particles that contained mutations in DII at position L107 in the fusion loop (51) . These latter experiments suggest that the human immune response may be directed away from generating antibodies to the highly protective DIII-lr epitope. In this report, using gain-and loss-of-function E protein variants, we evaluated the kinetics of development DIII-lr and DII-fl antibodies in mice and compared this to serum from humans after WNV infection. Our experiments suggest that induction of the highly neutralizing DIII-lr immunoglobulin G (IgG) antibodies is delayed in mice and variable in humans after WNV infection. Moreover, in humans, antibody responses appear to be skewed toward the induction of less-neutralizing DII-fl-specific antibodies.
MATERIALS AND METHODS
Cloning and protein expression. The WNV E ectodomain (residues 1 to 404) and DIII (residues 296 to 404) of the New York 1999 strain were amplified from an infectious cDNA clone (5) by high-fidelity Platinum Taq PCR (Invitrogen). The PCR product was cloned into the pET21a bacterial expression plasmid (EMD Biosciences, San Diego, CA) using flanking NdeI and XhoI restriction sites. The mutations K307E and T330I were introduced into the DIII construct iteratively, and the mutation W101R was introduced into the E ectodomain by using a QuikChange mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. All mutations were confirmed by bidirectional sequencing.
The generation of a WNV-DENV2 DIII chimera was accomplished by transplanting the WNV DIII-lr epitope onto the DENV2 DIII backbone. Amino acid exchange was informed by X-ray crystal structures of WNV-E (41), DENV-2 E (34), and the E16-WNV DIII complex (42) . To construct the WNV-DENV2 DIII chimeric protein, we swapped all four segments of WNV DIII that are directly contacted by the E16 Fab, as defined by interactions within a 4-Å distance (42) . Specifically, we transposed residues that compose the N-terminal linker (WNV positions 303 to 308), BC loop (positions 330 to 334), DE loop (positions 363 to 370), and the FG loop (positions 388 to 391). Two of the sixteen directly contacted DIII residues are conserved between WNV and DENV2 (Tyr 302 and Gly 331). We also included 8 WNV residues (303, 304, 334, 363, 364, 369, 370, and 388) that flank the E16 epitope to increase the chances of mimicking the wild-type loop conformations and provide chemical similarity to the neighboring regions. To transplant the WNV DIII-lr epitope, we used in vitro oligonucleotide assembly PCR (21) . A series of overlapping primers ( Table 1) that encoded for a WNV-DENV2 DIII chimera with flanking NdeI and XhoI restriction sites was designed by using the program DNAWorks (http://helixweb.nih.gov/dnaworks). The resultant PCR fragment was digested and cloned into the pET21a vector.
All constructs were expressed in Escherichia coli and purified by using an oxidative refolding protocol as described previously (44) . Briefly, the cDNA plasmids were transformed into BL21 Codon Plus E. coli cells (Stratagene), grown in Luria broth, and protein expression was induced for 4 h with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 37°C. Inclusion bodies containing insoluble aggregates were denatured in the presence of 6 M guanidine hydrochloride and 20 mM ␤-mercaptoethanol and refolded in the presence of 400 mM L-arginine, 100 mM Tris-base (pH 8.0), 2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, and 5 and 0.5 mM reduced and oxidized glutathione, respectively. Refolded protein was separated from aggregates on a Superdex 75 or 200, 16/60 size-exclusion column using fast-protein liquid chromatography (GE Healthcare, Piscataway, NJ).
Protein characterization. Recombinant proteins (DIII, WNV-DENV2 DIII chimera, E ectodomain, and E ectodomain W101R) were confirmed as appropriately folded and disulfide bonded in the following manner: (i) elution as a monodispersed peak at the appropriate size on a gel filtration column (data not shown); (ii) immunoreactivity with all expected MAbs based on parallel yeast surface display studies with DIII and E protein mutants and chimera ( Fig. 1B and  4A ; also data not shown); (iii) mass spectrometry at the W. M. Keck Facility (Yale University, New Haven, CT)-for the wild-type DIII and WNV-DENV2 DIII chimera average molecular weights of 11,723 and 13,258, respectively, were measured, a finding consistent with disulfide bond formation; (iv) circular dichroism spectroscopy; and (v) crystallographic analysis.
The circular dichroism spectroscopy was recorded on a Jasco J-720 spectropolarimeter after all proteins were buffer exchanged into a solution with 20 mM NaF and 10 mM sodium phosphate (pH 7.0). Measurements were taken in the far-UV region (180 to 260 nm) in a quartz cell with a path length of 0.01 cm. Protein secondary structure was calculated by using the CONTINLL or CDSSTR software (available at http://lamar.colostate.edu/ϳsreeram/CDPro). The loss-offunction (K307E/T330I) and gain-of-function (WNV-DV2 DIII chimera) proteins were within 2.9% of ␤-strand and 0.4% ␣-helix compositions of wild-type WNV DIII or DV2 DIII. Variation for all DIII proteins was less than 5% for ␤-strand and 4% for ␣-helix from the DSSP (for definition of secondary structure of proteins given a set of three-dimensional coordinates) values calculated from the X-ray crystal structures. Wild-type and W101R E proteins had the same calculated circular dichroism values for both ␣-helix and ␤-strand structure content. The variation for these was less than 5% for ␤-strand and 6.4% for ␣-helix from the DSSP values calculated from the X-ray crystal structure. The crystallographic analysis was performed for E. coli-derived wild-type WNV DIII and E proteins (42; data not shown).
SPR. Surface plasmon resonance (SPR) experiments were performed on a BIAcore2000 (Biacore) at 25°C with 150 mM NaCl, 3 mM EDTA, 15 mM HEPES (pH 7. Mouse experiments. Mouse studies were approved and performed according to the guidelines of the Washington University School of Medicine Animal Safety Committee. Eight-week-old wild-type C57BL/6 mice were purchased commercially (Jackson Laboratories, Bar Harbor, ME) and inoculated with 10 2 PFU of WNV subcutaneously via the footpad after anesthetization with xylazine and ketamine. Sera were collected from groups of mice at different times after infection, heat inactivated at 56°C for 30 min, and stored as aliquots at Ϫ80°C.
Human serum collection and human MAbs. Serum was obtained from convalescent patients who were participating in a longitudinal study of WNV infection 4 to 6 months after the onset of symptoms (ranging from fever to neuroin- The human MAbs against WNV were obtained from three convalescent patients by using phage display screening and were previously described (52) . Serologic analysis. Endpoint titers for mouse and human serum were determined by using a WNV protein enzyme-linked immunosorbent assay (ELISA) as described previously (32), with the following modifications. To measure DIII-lrspecific antibodies, two separate ELISAs with a loss-of-function (DIII-K307E/ T330I) or gain-of-function (WNV-DENV2 DIII chimera) protein were performed.
For the ELISA with a loss-of-function DIII, wild-type DIII or DIII-K307E/ T330I was diluted to 5 g/ml in 0.1 M sodium carbonate buffer (pH 9.3) and adsorbed on 96-well Maxi-Sorp microtiter plates (Nalge Nunc, Rochester, NY) overnight at 4°C. After blocking with phosphate-buffered saline (PBS), 2% bovine serum albumin (BSA), and 0.05% Tween 20 (PBS-BT) for 1 h at 37°C, fourfold serial dilutions of serum in PBS-BT were incubated for 1 h at room temperature. Plates were washed with PBS plus 0.05% Tween 20 and incubated with either biotin-conjugated goat anti-mouse IgG or IgM (1 g/ml; SigmaAldrich) or biotin-conjugated goat anti-human IgG (0.3 g/ml; Sigma-Aldrich) for 1 h at room temperature. After being washed, all plates were incubated with streptavidin-horseradish peroxidase (2 g/ml; Zymed) for 1 h at room temperature and developed with tetramethylbenzidine substrate (Dako, Carpinteria, CA). After the addition of 1 N H 2 SO 4 , the optical density at 450 nm was measured and adjusted for background by subtracting the optical density at 450 nm of blocked control wells. Best-fit lines were calculated, and endpoint titers were determined as three standard deviation units above the background signal by using GraphPad Prism 4 (GraphPad Software, Inc., San Diego, CA). The level of DII-fl MAbs was measured in an identical manner using the wild-type E protein and a W101R mutant E. In all cases, a MAb, E9, or a previously defined serum sample was used to control for site density of the proteins as well as plate-to-plate variation.
For the ELISA with a gain-of-function WNV-DENV2 DIII chimera, E111, a DIII-specific flavivirus cross-reactive mouse IgG2a (45) was diluted to 10 g/ml in sodium carbonate buffer and adsorbed overnight at 4°C. After blocking, DENV2 DIII, WNV-DENV2 DIII chimera, or BSA (10 g/ml) was incubated for 1 h at room temperature. Subsequently, plates were incubated with fourfold serial dilutions of human serum, biotin-conjugated goat anti-human IgG, and streptavidin-horseradish peroxidase. Plates were developed, and titers were determined as described above.
WNV RVP and neutralization assays. Neutralization assays were performed according to a previously described protocol (46) using wild-type and mutant WNV reporter virus particles (RVP). Briefly, WNV RVP were produced by transfection of BHK21 cells that stably propagate a green fluorescent proteinexpressing lineage II WNV replicon (46) with DNA plasmids encoding the wild-type or mutant (T332K) structural genes of WNV New York 1999 as described previously (46) . RVP were harvested at 48 h after transfection, filtered through a 0.22-m-pore-size filter, and frozen in aliquots at Ϫ80°C.
Neutralization assays were performed with the B-lymphoblastoid cell line Raji that stably expresses the C-type lectin and the WNV attachment ligand, DC-SIGNR (Raji-R) (47) . To measure neutralization potential of the mouse and human serum samples, WNV RVP stocks were diluted and incubated with nine threefold dilutions in duplicate of heat-inactivated serum for 60 min at room temperature (in a 200-l volume). For the human MAb dose-response experiment, 19 twofold dilutions of antibody in triplicate were performed. Antibody-RVP complexes were then added to preplated cells (5 ϫ 10 4 cells per well of 96-well plate in a 300-l total volume). Infection was measured by flow cytometry at 48 h postinfection. At least 5 ϫ 10 4 events were collected at each point. The 50% effective concentration (EC 50 ) of each serum preparation was predicted by nonlinear regression analysis using a variable slope (GraphPad Prism 4).
Yeast expression and staining. Yeast expressing wild-type DIII or variants were generated and stained as described previously (44) . Briefly, human MAbs were diluted to 50 g/ml in PBS plus 1 mg of BSA/ml (PBS-BSA) and then incubated on ice for 30 min. The cells were washed three times with PBS-BSA and incubated with a 1/500 dilution of goat anti-human IgG conjugated to Alexa Fluor 647 (Invitrogen) for 30 min on ice. Yeast cells were analyzed with a Becton Dickinson FACSCalibur flow cytometer.
RESULTS
Mouse antibody response against DIII-lr epitope. Previous studies have defined epitopes on the DIII-lr and the DII-fl of WNV E protein that elicit type-specific and cross-reactive neutralizing MAbs, respectively (4, 10, 13, 44, 45, 50, 59) . Although MAbs mapping to the DIII-lr have potent inhibitory capacity in passive transfer prophylaxis and therapeutic models in vivo (37, 44) , their function during the course of natural infection remains uncertain. Indeed, a recent study demonstrated that the antibody response to this epitope in single serum samples from acutely infected horses was variable, with some animals having little antibody that recognized the DIII-lr epitope (49) . To determine the kinetics of the antibody response against the DIII-lr neutralizing epitope in mice, we developed an ELISA using loss-of-function and gain-of-function DIII variants.
Initially, a loss-of-function variant was generated with WNV DIII incorporating mutations at K307E and T330I (Fig. 1) . These residues were identified as critical amino acid contacts for DIII-lr neutralizing MAbs using yeast surface display mapping (44), X-ray crystallography (42) , sequencing of neutralization escape mutants (4, 10) , and site-specific substitutions (50) . Mutation of these two residues in tandem eliminated binding of 10 potently neutralizing DIII-specific MAbs without reducing the binding of 10 other non-neutralizing DIII-specific MAbs (Fig. 1B) . As an independent test, we engineered a gain-of-function WNV-DENV2 DIII chimera in which the E16 MAb neutralizing epitope (corresponding to amino acid residues in the N-terminal linker, BC, DE, and FG loops of DIII as defined by X-ray crystallography) (42) was transplanted in its entirety onto the DENV2 DIII (Fig. 1C) . Among the 23 amino acids that were swapped, 8 residues (303, 304, 334, 363, 364, 369, 370, and 388) that are not directly involved in E16 binding were also transferred to maintain conformational stability. The loss-and gain-of-function DIII proteins folded as expected and had wild-type disulfide binding and secondary structure elements as judged by circular dichroism, mass spectrometry, and size exclusion chromatography (see Materials and Methods). To establish the immunoreactivity of the chimeric protein, we compared binding of a WNV-specific neutralizing DIII-lr MAb (E16) and WNV-specific poorly neutralizing DIII MAb (E9) that maps outside of the DIII-lr epitope near residue H396 (44) . An SPR assay demonstrated that E16 bound both wild-type and chimeric DIII with comparable affinity (4.4 nM versus 9.8 nM). As predicted, E9 bound the wild-type DIII (240 nM) but not the WNV-DENV2 DIII chimera (Table 2) . Neither E16 nor E9 demonstrated appreciable binding to wild-type DENV2 DIII when assayed in parallel (data not shown).
Studies with mice lacking soluble IgM have established that the early WNV-specific IgM response is critical for limiting virus dissemination to the central nervous system (17) . WNVspecific IgM is routinely detected beginning at day 4, whereas WNV-specific IgG does not appear until day 8 after infection (16, 32) . To examine the contribution of the DIII-lr epitope to the neutralizing response, we analyzed by ELISA the WNVspecific antibody reactivity over time (days 6, 8, 10, 15, 20, 30 , and 90 after mouse infection) with the wild-type, loss-of-function (DIII-K307E/T330I), and gain-of-function (WNV-DENV2 DIII chimera) proteins. In addition, at day 30 a group of mice was boosted with 10 4 PFU WNV, and sera were analyzed 7 days later to assess an early memory response to the DIII-lr epitope. To maintain proper conformation of the WNV-DENV2 chimera in the solid phase, it was necessary to capture the protein with a mouse IgG MAb, E111; thus, analysis of mouse antibodies with this variant was limited to WNVspecific IgM. In each case, antibody reactivity was compared to an internal control protein for the particular assay (loss-offunction assay, wild-type WNV DIII; gain-of-function assay, wild-type DENV2 DIII).
Consistent with previous findings (16, 32) , IgM that recognized WNV E ectodomain peaked 8 days after infection and then declined rapidly ( Fig. 2A) . In contrast, the DIII-specific IgM response was relatively constant and significantly lower than the E titer throughout the time course and comprised 10 to 25% of the overall WNV-specific IgM response. Interestingly, low levels (endpoint titers of ϳ1/40) of IgM antibody bound to DIII in naive serum, likely reflecting the reactivity of natural IgM to WNV, analogous to results observed for vesicular stomatitis, lymphocytic choriomeningitis, and influenza viruses (3, 43) . When the levels of IgM were compared be- ELISA. P values were determined by using an unpaired, two-tailed t test ( * , P Յ 0.05; ** , P Յ 0.01). (B) Levels of IgM against the wild-type and K307E/T330I mutant WNV DIII proteins. P values were determined by using an unpaired, two-tailed t test (NS, difference was not statistically significant; * , P Յ 0.05; ** , P Յ 0.01). (C) Levels of IgM that react with WNV-DENV2 DIII chimera. The means and standard deviations of at least five mice per time point are shown. Dashed lines indicate the limit of detection for each assay. Due to limiting quantities of serum to perform assays in independent replicates, the limit of sensitivity in panel C is slightly lower (threefold) than in panels A and B. tween WNV DIII and DIII-K307E/T330I, a significant difference of ϳ65% (P Յ 0.05) existed between the two proteins at all time points except with the naive serum (Fig. 2B) . As an independent confirmation, the IgM-specific ELISA was repeated with the WNV-DENV2 DIII chimera and DENV2 DIII. A consistent and comparable IgM titer was measured against the WNV-DENV2 DIII chimera but not DENV2 DIII (Fig. 2C) . These experiments suggest that in mice WNV-specific IgM recognizes the DIII-lr epitope at early time points after infection. As observed previously in mice (16, 32) , IgG that recognized WNV E ectodomain was initially detected at 8 days after infection and then increased rapidly over time. Somewhat surprisingly, DIII-specific IgG was not detected consistently until day 10, since only 20% (one of five) day 8 samples were positive (Fig. 3A) . The E-specific IgG titer peaked at day 20 after infection, whereas the DIII-specific titer continued to rise through day 90. At days 15 and 20, the DIII-specific antibodies made up ϳ10% of the WNV E-specific IgG response, whereas by day 30 the fraction rose to ϳ25% of the total. When the levels of IgG that reacted with WNV DIII and DIII-K307E/ T330I were compared, a statistically significant difference was observed beginning at day 20 (P Ͻ 0.01), although a noticeable trend was present at day 15 (P ϭ 0.06) (Fig. 3B) . At day 10, there was no significant difference in IgG reactivity with WNV DIII and DIII-K307E/T330I (P ϭ 0.6), suggesting that the development of DIII-lr IgG was delayed. This difference was not due to variable adsorption of DIII and DIII-K307E/T330I since the E9 MAb, which maps outside of the DIII-lr epitope, recognized both proteins equivalently (P ϭ 0.7) (Fig. 3C) .
Antibody response against DII-fl epitope. The fusion loop on DII of flavivirus E proteins elicits flavivirus cross-reactive antibodies that have less neutralizing activity than antibodies that recognize the DIII-lr epitope (13, 45, 51) . This is likely because this epitope is buried or at least partially hidden on the mature virion (51) . To determine the kinetics of the antibody response against the DII-fl epitope in mice, we again utilized a loss-of-function protein ELISA. Using a yeast surface display assay, prior mutational analysis revealed a complete loss of binding 34 of 40 DII-fusion loop specific MAbs with the single mutation, W101R (45) . A loss-of-function W101R WNV E protein was generated recombinantly (Fig. 1A) . This loss-offunction variant folded correctly and had wild-type disulfide binding and secondary structure elements as judged by circular dichroism and size exclusion chromatography (see Materials and Methods). Initial analysis with wild-type and W101R E proteins confirmed the loss-of-binding phenotype of DII-fl MAbs (Fig. 4A) . Subsequently, mouse serum was tested for reactivity with these proteins. Notably, there was no significant difference in the IgM titers at days 6 and 8 (P Ͼ 0.6) and only a slight, albeit significant, difference at day 10 (P Ͻ 0.05) (Fig.  4B) . In contrast to what was observed with DIII-lr antibodies, no significant differences in the IgG response were observed with wild-type and W101R E proteins, although a trend was observed at day 30 and after boosting (P ϭ 0.07) (Fig. 4C) . Again, these differences were not due to adsorption variability between wild-type and W101R E proteins (P Ͼ 0.2) (Fig. 4D) .
Epitope-specific antibody responses in human patient serum. The kinetic experiments suggested that DII-fl antibodies comprised a much smaller fraction of the WNV-specific antibody response in C57BL/6 mice than the DIII-lr antibodies. Moreover, in the early phases of infection, DIII-lr antibodies were present in the IgM but not the IgG fraction. We next assessed the epitope specificity of WNV-antibody response from sera from convalescent human patients that had experienced distinct clinical phenotypes after WNV infection: subclinical (cases identified by blood donation), mild febrile illness (West Nile fever), meningitis, or encephalitis. Earlier studies with seven subclinical human samples that used a competitive ELISA with a Fab fragment of a DIII-lr antibody suggested that at least some individuals developed DIII-lr-specific antibodies (44) . A total of 35 human serum samples, including 5 of the earlier samples, were tested by ELISA for reactivity with the wild-type DIII, K307E/T330I DIII, WNV-DENV2 DIII chimera, wild-type E ectodomain, and the W101R variant ( Table 7 months after infection, whereas 3 of 5 of the subclinical samples were obtained within 1 month of the presumed infection. As expected, given the convalescent status of the patients, the majority of samples contained low titers of IgM to E and DIII (data not shown), which precluded IgM epitope analysis.
In contrast to inbred mice, which had similar titers between subjects at each time point, there was substantial variability (42-fold difference among patient sera) in the E-specific antibody titers. DIII-specific antibodies comprised an average of 7.3% (range, 0.6 to 50.5%) of the total IgG antibody response in convalescent samples, in contrast to the ϳ25% observed 30 days after primary infection in the mouse. An even more profound difference was observed in the DIII-lr antibody response. In human convalescent samples the DIII-lr antibodies, on average, accounted for only 1.6% of the E-specific IgG response compared to ϳ18% of the response in mice at day 30 after infection. This pattern was observed with both the lossand gain-of-function DIII proteins. As an independent confirmation of the low frequency of DIII-lr antibodies in serum, we screened human MAbs that were generated previously from convalescent WNV patients (52) . Only 4 of 51 human MAbs against WNV E protein were previously shown to bind DIII. Notably, only 1 of these, CR4374, showed loss-of-binding to a K307E mutant DIII expressed on the surface of yeast or to the K307E/T330I recombinant DIII (Fig. 5A and data not shown) . Importantly, this MAb demonstrated the strongest neutralizing activity of any of the human MAbs. In comparison, CR4299, a DIII-specific MAb that retained binding to the K307E mutant, had much weaker inhibitory activity (Fig. 5B) . In contrast to what we observed with mouse serum and in support of the idea that the DII-fl epitope may be immunodominant in humans generally (20, 52) , a marked reduction in serum antibody binding was observed with the W101R mutant (P Ͻ 0.001). Nonetheless, substantial variability was observed with human samples: the level of DII-fl antibody varied from 8.8 to 91.0% of the total E ectodomain-specific response with an overall median and mean of 65 and 61%, respectively ( Table 3 ).
Antibodies that recognize the DIII-lr and DII-fl epitopes protect mice and hamsters from lethal WNV infection to various degrees (20, 37, 44, 45) . However, the in vitro correlates of in vivo protection or severe disease in humans are less clear. To evaluate whether the epitope specificity and titer of human serum antibodies correlated with outcome, we compared the titers of DIII-lr and DII-fl antibodies in convalescent human serum with the neuroinvasive or non-neuroinvasive clinical phenotype (Fig. 6) . In all cases, including the overall levels of E, DIII, DIII-lr, and DII-fl specific antibodies, no correlation between the immunoreactivity of a given E protein and clinical phenotype was apparent (P Ͼ 0.4). However, this analysis was limited by the existence of only a single convalescent-phase serum sample. It remains possible that correlations could be made between epitope specificity and clinical outcome with prospective samples obtained at different stages of the acute Contribution of DIII-lr epitope specific responses to neutralizing activity of serum. Antibodies to the DIII-lr epitope have potent neutralizing activity in vitro and in vivo (4, 44, 50) and appear to comprise a larger percentage of the antibody response in mice than in humans. To evaluate their contribution to the neutralization potential of serum, we utilized a previously established high-throughput, flow cytometric neutralization assay with WNV RVP (45) (46) (47) . Because K307E/ T330I RVP showed significantly decreased infectivity (data not shown), we generated a distinct mutant WNV RVP that contained a single mutation, T332K: these RVP eliminated binding and neutralization of virtually all DIII-lr-specific MAbs and yet maintained virus infectivity (4, 50) . We compared the neutralization curves and 50% inhibition points (i.e., EC 50 values) of serial dilutions of mouse and human serum on wild-type and T332K containing RVP. Mouse serum neutralization profiles showed consistent differences between wild-type and mutant RVP (Fig. 7A) . In contrast, the human serum showed little or no difference in neutralization of wild-type or T332K RVP (Fig. 7B and data not shown) , even in serum samples that contained antibodies to the DIII-lr epitope. The fold differences in the EC 50 values (wild type versus mutant) were compared, with significant increases observed at all time points in the mouse serum compared to the convalescent human serum (P Ͻ 0.0001) (Fig. 7C) . This included day 6, when WNVspecific IgG is absent and WNV-specific IgM mediates neutralization (17) . We also compared the wild-type RVP EC 50 values between human and mouse serum (Fig. 7D) . Despite similar E-specific antibody titers as determined by ELISA between day 30 mouse serum and the human samples (Fig. 3A and Table 3 ), the mouse serum, at both days 6 and 30, had superior neutralizing activity compared to the convalescent human samples (P Ͻ 0.0001). Taken together, these data suggest that DIII-lr antibodies contribute more significantly to the a MF, mild febrile illness; M, meningitis; E, encephalitis; ME, meningoencephalitis; SC, subclinical illness. b The DIII K307E/T330I antibody endpoint titer was subtracted from the DIII antibody endpoint titer. All comparisons were made using data from the same ELISA plate.
c The E W101R antibody endpoint titer was subtracted from the E endpoint antibody titer. d For DIII, the percentage was calculated be dividing the DIII titer by the E titer and multiplying that value by 100. For DIII-lr, the percent DIII-lr (of total anti-E response) was calculated by dividing the DIII-K307E/T330I titer by the DIII titer and multiplying that value by the percent DIII antibodies. For DII-fl, the percentage was calculated by dividing the E-W101R titer by the E titer and multiplying that value by 100. neutralizing potential of serum in mice than in humans and that the human antibody response is directed toward lessneutralizing epitopes.
DISCUSSION
An intact humoral response is critical for the control of neuroinvasive WNV infection (16, 17, 32, 33) . In this report, we evaluated the kinetics and magnitude of the antibody response against two distinct epitopes on the WNV E protein with discrete functional characteristics. One epitope, DIII-lr, is recognized by type-specific antibodies with potent neutralizing and therapeutic activity (4, 42, 44, 50) . The other, DII-fl, is detected by flavivirus cross-reactive antibodies with less neutralizing and protective activity (13, 45) . Given the differences in B-cell V-D-J repertoire and the variation in class II major histocompatibility complex alleles among different species, it was not unexpected to see a species-related difference in the antibody response against the two epitopes. However, several interesting observations can be made, which may have implications for targeted vaccine development. In mice, DIII-lr IgM antibodies were detected soon after infection and contributed to the early neutralizing potential of serum. For unclear reasons, there was a delay in isotype switching of DIII-lr antibodies to IgG, since these were not reliably measured until day 15 after infection. Given that the vast majority of mortality in C57BL/6 mice after WNV infection occurs between days 8 and 12 (16, 55, 56) , DIII-lr IgG antibodies likely do not contribute to protection against primary infection. Moreover, in mice, DII-fl antibodies comprised a smaller percentage of the total antibody response compared to DIII-lr antibodies. In humans, only a subset of individuals generated a significant IgG antibody response against the DIII-lr epitope. In almost all human cases, a large fraction of the E-specific antibodies was directed against the less protective DII-fl epitope.
DIII-lr IgM in mice was observed soon after WNV infection in mice. Sequence analysis of the V-D-J regions of ϳ10 different DIII-lr strongly neutralizing MAbs suggest that some mice (e.g., BALB/c and C57BL/6) have germ line gene configurations that can produce antibodies recognizing the DIII-lr epitope (S. Johnson and M. Diamond, unpublished observations). This could in part explain why neutralizing IgM were detected soon after infection. At present, it remains unclear which subset of B cells produce IgM that recognizes the DIII-lr epitope. CD5 (2) . Of note, we did not detect DIII-lr antibodies in naive serum, although we cannot rule out that their presence was below our limit of detection. More definitive subset depletion or epitope-based ELISPOT studies are needed to define the B-cell population that produces the earliest DIII-lr antibody response in mice.
Despite an early IgM response to the DIII-lr epitope there was a delay in the isotype switch to IgG of antibodies against this epitope in mice. The lag was considerable such that DIII-lr IgG was not consistently measured until between days 10 and 15, a time after which the majority of mortality had occurred in mice after WNV infection. In contrast, there was no global delay in IgG responses, since significant WNV E protein antibody titers were measured in all infected mice by day 8. Although we cannot yet explain the epitope specific delay in isotype switching, it could be due to a requirement for germinal center formation in lymphoid tissues. Whereas some IgG antibodies can be produced in parafollicular zones, others require T-cell help, specific cytokines, or somatic hypermutation and are generated exclusively in germinal centers (7, 23) . Experiments with signaling lymphocyte activation molecule-associated protein-deficient mice, which have impaired germinal center formation, production of class-switched IgG, and development of memory B-cell germinal center formation (15, 26, 58) , are in progress to directly address this question.
Although both BALB/c and C57BL/6 mice generate monoclonal (44, 50) and polyclonal antibodies that recognized the DIII-lr epitope, other species, including humans, showed significant variability. Accordingly, neutralization profiles with WNV RVP and mouse serum were affected more significantly by a mutation at T332K, which abolishes binding and neutralization of DIII-lr antibodies (47) . Our evaluation of convalescent human serum suggests that only a subset of infected individuals generate IgG against this DIII-lr epitope, and this accounted for a relatively small fraction of the neutralizing antibody response. One possible criticism of our analysis is that the human serum samples were obtained from individuals infected with heterogeneous WNV isolates, which might not bind to recombinant proteins derived from the New York 1999 strain of WNV. However, an alignment of all 83 published WNV isolates in North America between 1999 and 2006 showed virtually no change in amino acid sequences in the fusion loop or DIII of the E protein (G. Ebel, unpublished data): only four amino acid changes were seen in any of the residues of DIII, and each change was observed as a single mutation in a single strain and occurred at residues Q296, V364, N394, and H395, which do not engage strongly neutralizing MAbs as defined by crystallography (42) . Thus, to date, the type-specific epitope in DIII and cross-reactive epitope in DII are completely conserved in all North American WNV isolates. The apparent lack of immunodominance of the highly protective DIII-lr epitope in humans is also consistent with two recent studies that generated human MAbs: only 2% (1 of 51) and 0% (0 of 5) of unique human single chain antibodies FIG. 6 . Comparison of non-neuroinvasive and neuroinvasive antibody levels for specific E variants. Titers of antibodies against E (A), DIII (B), DIII-lr (C), and DII-fl (D) were compared among patients with non-neuroinvasive and neuroinvasive WNV disease. Panels B, C, and D show the percentage of total E antibody titers. P values were determined by using an unpaired, two-tailed t test (NS, difference was not statistically significant).
(scFv) generated from immune or nonimmune patient B cells by phage display reacted with the DIII-lr epitope (20, 52) . In our sample collection, some human sera contained DIII-lr IgG, whereas others did not. Unfortunately, we could not establish a correlation between the development of an antibody response against the DIII-lr epitope and clinical outcome. Although studies with a larger patient cohort are required for confirmation, our preliminary data suggest that IgG against this epitope does not contribute significantly to protection against primary WNV infection. This is similar is to what has been observed in human immunodeficiency virus infections, where the level or type of antibodies does not predict disease progression (53, 61) . Alternatively, serum sampling 4 to 6 months after infection may give an incomplete picture of the function of particular antibodies at a given stage of disease. Because the majority of human samples in our study were acquired at a single time point and not as part of a multipletime-point prospective study, we cannot ascertain when in the course of the infections the DIII-lr-specific IgG developed. Finally, our results with human serum are also consistent with results obtained with sera from WNV-infected horses: the equine IgG response to the DIII-lr epitope was also variable and comprised only a small fraction of the antibodies directed against DIII (49) .
The fusion loop is highly conserved among flaviviruses, and antibodies against this epitope are in general highly crossreactive (13, 19, 45, 51) . Earlier studies established that DII-fl IgG MAbs behaved distinctly from DIII-lr MAbs in infection assays in cells. In general, they neutralized infection less efficiently in cells lacking Fc-␥ receptors and enhanced infection across a wide range of antibody concentrations in cells expressing Fc-␥ receptors (42, 45) . Accordingly, they showed decreased efficacy in preventing or treating WNV or DENV infection in vivo (24, 25, 45) . The experiments in the present study are particularly intriguing since they suggest that DII-fl antibodies are produced by all humans against WNV and comprise a significant fraction of the anti-E protein response. Moreover, preliminary data with human MAbs isolated from B cells from secondarily DENV-infected patients indicate that the majority of E-specific antibodies also map to the DII-fl (C. Simmons, M. Beltramello, F. Sallusto, M. Diamond, and A. Lanzavecchia, unpublished results). Based on this, we speculate that the cross-reactive DII-fl epitope is immunodominant in humans.
The experiments with human and horse sera (49) suggest that some animals do not make significant responses against the highly protective DIII-lr epitope. Based on passive transfer studies in rodents, it would be desirable to design vaccines that elicit high-titer DIII-lr antibodies, which block at a postattachment stage (42) . To date, WNV vaccine design has focused on eliciting a strong neutralizing response against the E protein, but the epitope specificities of the generated antibodies are largely unknown (11, 22, 29-31, 36, 40, 48, 54) . Complicating the issue, many of the initial immunization studies have been performed in mice. Because our studies show that mice generate distinct antibody responses against specific epitopes, some caution may be required in applying mouse vaccination results to humans. Although administration of live attenuated WNV vaccines to humans and nonhuman primates has induced relatively low-titer WNV-specific neutralizing antibodies that control viremia (36, 48, 57) , the epitope specificity of the response remains unclear. Further study into the naturally occurring and vaccine-induced antibody repertoire should enhance our understanding of the immune correlates of protection from WNV disease and promote the development of novel vaccine strategies, which focus on eliciting highly protective DIII-lr antibodies.
